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Abstract: Groundwater and raw water pollution risks of pesticides were assessed
by analyses of groundwater samples and by modelling groundwater flow and
chemical transport with a coupled model ‘train’ consisting of:
- a regional Modflow model for simulation of groundwater flow in the saturated
zone (IBRAHYM, TNO 2007))
- a 1-D model for simulation of water and pesticide transport in the
unsaturated zone (PEARL, Leistra, 2001)
- a pathline-based chemical transport model for the saturated zone
(RESPOND, Vink, 2008)
The use of pesticides over the years was reconstructed with a series of detailed
land-use maps specifying agricultural use over the period 1985-2009 in
groundwater protection zones in Limburg Province, in the southern part of the
Netherlands. Thus, reconstructed historic pesticide loads were used as input to
unsaturated and saturated zone models. Relevant chemical properties such as
CEC, REDOX conditions and organic matter concentrations in both the soil and the
groundwater were mapped into a 3-D interpolated raster so that the chemical
environment of every pathline could be characterized.
Various checks and validations have been applied as to validate modelling results
throughout the process:
- comparison of PEARL results with experimental data from shallow
monitoring wells
- simulation of diffuse ‘guide’ parameters nitrate, sulphate and total hardness
in pumping wells as to validate the flow patterns and travel times that were
calculated with the groundwater model (IBRAHYM)
- comparison of observed and calculated pesticide concentrations in deep
monitoring wells and pumping wells
Calibration of the chemical transport simulations of both the diffuse guide
parameters as the pesticides was carried out with a genetic algorithm that enables
multiple objective calibration and permits to assess discrepancies between
groundwater model and chemical transport model results. The pathline approach
enabled relatively modest calculation times and thus also calibration, in spite of the
relatively large level of detail of this regional modelling session.
Keywords: groundwater; pesticides; drinking water; environmental modeling.
1

INTRODUCTION

1.1

Background

Pesticides are found frequently in groundwater samples that are taken in the Dutch
part of the basin of the river Meuse, in Limburg province. Traces of pesticides were
found in about half of the groundwater samples that were analysed in this study.
These pesticides are a threat to the achievement of goals that have been specified
in the European Groundwater Directive, in particular concerning objectives for
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groundwater quality intended to be used for drinking water production. Therefore, it
has been indicated in the provincial water plan of Limburg that measures will be
necessary to reduce concentrations of pesticides in groundwater, particularly within
groundwater protection zones of drinking water wells. The study - of which this
paper is one of the results - has been carried out to investigate the presence of
pesticides in groundwater in Limburg province as well as the behaviour during
transport and measures that could be taken to reduce concentrations of pesticides
in groundwater (figure 1). In this paper we will focus on the modelling techniques.
The study area consists of 7 pumping stations where phreatic groundwater is
abstracted for drinking water production.
A reconstruction of application and transport of pesticides was carried out for the
period 1985 - 2009 and included numerical simulation of transport and fate in the
unsaturated and saturated zones (figure 2). As to validate the modelling results,
historic data on pesticide concentrations in groundwater samples were used and
additional groundwater samples were analysed.
2

METHODS AND MODELS

At the start of the project an extensive literature research was done as to assess
which pesticides should be considered risky and indicated for extensive research.
From the beginning of the study it was clear that a selection should be made out of
the large number of pesticides that are/have been used, because a large number of
pesticides does not pose a serious risk to groundwater quality. A second
consideration was that computer calculation time would be too large if more than 10
to 15 pesticides were to be simulated at the relatively detailed scale that was
chosen. Selection of pesticides that needed further research was based on the
following steps:
1. Inventory of crops that are/have been cultivated in the study areas
2. Inventory of pesticides and related quantities that have been applied for these
crops
3. Inventory op chemical properties of selected pesticides from literature and
assessment of persistence (half life,DT50) and mobility (sorption in soil, Kom,
Koc) in the unsaturated and saturated zones
4. Inventory of observed concentrations of pesticides in groundwater and
abstracted raw water
5. Assessment of the likelihood that licenses for application of the selected
pesticides will be continued to be granted in the foreseeable future
Final selection of pesticides and related metabolites for detailed simulation was
based upon the results of the 5 criteria/steps mentioned here above in a
discussion among participating researchers.

Figure 1 Connected models used for this study
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Simulation of transport of pesticides through the unsaturated zone was simulated
with PEARL (Leistra et al. 2001). The output of PEARL consisted of time series of
concentrations of pesticides in soil moisture that leached into the saturated zone.
This output was used as input to RESPOND, together with flow paths that were
simulated with a regional groundwater model with 250m*250m cell size. The final
result of consists of raw water prognoses of 11 pesticides and metabolites for each
pumping well within the 7 pumping stations and maps of historic and contemporary
pesticide loads.

Figure 2 Overview of modelling approach
2.1

Unsaturated zone

PEARL (figure 3) is a 1-D model for simulation of soil moisture and pesticide
transport in the unsaturated zone (Leistra et al. 2001).

Figure 3 Schematic presentation of PEARL
It comprises simulation of various processes that are related to pesticide transport,
of which most important are:
- pesticide application technique applied
- pesticide uptake by the crop
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- nonlinear sorption (as function of pH, organic matter and temperature)
e
- 1 order decay (as function of temperature)
- optional simulation of genesis and fate of metabolites
Location-specific data of crop sequences were assembled at a 100 x 100 m scale,
where soil properties, drainage, groundwater level and crops were derived from
various digital maps and data bases at as scale of 250 x 250 m.
2.2

Saturated zone

RESPOND (Vink et al, 2008) is a chemical transport model that uses flow path data
st
from any groundwater model. Transport of micro-pollutants is simulated as a 1
order decay and linear sorption process, where flow –path specific data on hydrogeo-chemical data, usually derived from borehole descriptions and data on
chemical groundwater analyses. Transport of nitrate, sulphate and total hardness is
simulated on a basis of coupled reaction equations as to maintain a consistent
mass balance.
2.3

Calibration

Numerical models are useful instruments for assessing the impact of changes in
the hydro-chemical system. However, the calibration of groundwater models is a
difficult task, particularly with coupled models. In this study the groundwater model
was already available and has been calibrated on hydraulic heads only. It was
decided to run PEARL with parameter settings that correspond to expected values
and only to calibrate the PEARL output, as input signal to RESPOND. Thus, it is
avoided that the total model becomes extremely over-parameterized and hence
unreliable, due to the exponential impact of some model parameters in PEARL,
such as half life (DT50). Calibration of the chemical transport simulations with
RESPOND was done by application of a genetic algorithm (GA) (Vink and Schot,
2002). Over the past 20 years, evolutionary algorithms have been applied
successfully to multi-objective optimization problems (e.g. Cieniawski et al. 1995).
The development of genetic algorithms was inspired by the genetic processes of
biological species. The concept of natural selection by survival of the fittest as
stated by Charles Darwin in The Origin of Species is imitated in a numerical
context. GA's work with a 'population' of possible solutions to a problem. The
'fitness' of each member of the population is calculated and the properties (genes)
of those who perform best are mixed with other solutions, leading to new members
of the population. The reproduction cycle is repeated until there is convergence, in
the sense that no further improvement of solutions occurs.
Essential parameters within RESPOND, the strength of the input signal that was
generated with PEARL included, were allocated a calibration range, consisting of a
parameter-specific minimum and maximum value. Range limits were chosen on a
basis of expert judgement. The initial estimates of parameter values are located in
the centre of the calibration ranges.
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Two objective functions were defined for the calibration, both resulting in a fitness
score:
1) Minimum differences among simulated and averages of observed hydraulic
heads. (Not further specified in this paper for reasons of conciseness).
2) Minimum deviation from initial estimates of parameter values:
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The second objective function is defined in such a way that configurations of
parameter values becomes progressively more undesirable when they differ more
from initial estimates, thus reflecting the presupposition that increasing deviation
from initial estimates yields increasingly improbable solutions. By taking both
objective functions in account the identification problem is reduced in a pragmatic
way.
3

CHECKS AND BALANCES

It is important that complex numerical simulations are checked and validated
wherever suitable opportunities are available. A couple of the techniques that were
applied for this purpose are described in the following.
3.1

Unsaturated zone modelling results

Proper validation of the model results of PEARL could not be achieved because
there were no suitable empirical data available. This is partly caused by the fact that
most chemical analyses of pesticides have been applied to groundwater samples
and not to soil-moisture samples. Soil moisture samples are hard to take and to
analyse accurately. Besides, pesticide concentrations in soil moisture cannot be
reliably constructed on a basis of chemical analyses of soil samples. Exact data on
application of pesticides at field scale is only rarely available and therefore also
poses a problem with respect to validation. At the scale of the caption zone of a
pumping station it is fairly well known how much pesticides were used for the
various crops over the years, but these are averages, whereas at field scale there
are substantial differences among different fields and thus a proper validation of
PEARL results is not feasible. Simple comparison of observed concentrations of
pesticides in shallow groundwater samples with simulated concentrations in soil
moisture that leaches into the saturated zone is possible, but lacks the reliability
and accuracy that is needed for a proper validation. The age and origin of shallow
groundwater may differ considerably from soil moisture entering the saturated soil.
Only 4 very shallow groundwater monitoring wells were identified of which observed
concentrations could be compared to PEARL simulation results (Table 1).
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Table 1 Observed concentrations of pesticides in 4 shallow monitoring wells in
2008,and PEARL leached soil moisture concentrations. (Concentrations in µg/l,
MW: measured in groundwater samples, WP: monitoring well, PRL: calculated with
PEARL).
MW
MW
MW
MW
Pesticide
WP
PRL WP
PRL
PRL
PRL
WP1
WP2
95
99A
2,4-D

<0.05

0

<0.05

0

<0.05

0

<0.05

0

Atrazine

<0.02

0

<0.02

0

0.07

0

<0.02

0

BAM

0.02

0

0.1

0

0.11

0

0.13

0

Bentazon

0.08

0.18

<0.05

0

<0.05

0.51

<0.05

0.79

Chloridazon

<0.1

0

<0.1

0

<0.1

0

<0.1

0

Dichlobenil

<0.02

0

<0.02

0

<0.02

0

<0.02

0

Kresoxim
methyl

<0.02

0

<0.02

0

<0.02

0

<0.02

0

Metolachloor

<0.02

0

<0.02

0

<0.02

0

<0.02

0

Simazine

<0.02

0

<0.02

0

<0.02

0

<0.02

0

Correct positive

1

Correct negative

29

False positive

2

False negative

4

The results correspond to some extent with observed concentrations in shallow
groundwater, it seems that there is some overshoot for bentazon and undershoot
for BAM, but as was discussed here above, clearly this comparison cannot be
considered a proper validation test.
3.2

Validation of the groundwater model: nitrate and sulphate

The travel times and origin of flow paths that were simulated with the groundwater
model were checked and validated by simulation with RESPOND of two ‘guiding
parameters’, namely concentrations nitrate and sulphate in pumped groundwater
for every pumping well individually. Nitrate and sulphate are usually measured
frequently and also have sources that are much less capricious than pesticides.
The concentrations of nitrate and sulphate are to some extent inter- related,
particularly in cases where nitrate reacts with pyrite in the subsoil and as a result
some nitrate disappears and extra sulphate is formed. Due to these characteristics,
the reliability of simulating nitrate and sulphate is considered relatively high and very
suitable to validate the groundwater model. Since groundwater models typically are
calibrated on piezometric heads only, the models sometimes do not represent flux
distributions correctly in all circumstances. For instance, the contribution of river
infiltration to pumped groundwater may deviate significantly from reality because
piezometric heads are not always sufficiently sensitive to changes in flow patterns
near rivers and drains. Origin of flow paths and travel times may in some
circumstances also be poorly identifiable on a basis of piezometric heads only. In
those cases, chemical analyses can improve identifiability considerably. Indeed at
one pumping site there was a large discrepancy among observed and calculated
nitrate and sulphate concentrations that was caused by travel times and origins
from the groundwater model that did not match with raw water concentrations.
Calculation of emissions were based on ‘standard type curves’ that reflect the
average history of sources like atmospheric deposition and land-use specific
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manure deposition. Calibration of these standard type curves was done with the GA
according to the method described in 2.3.
In Table 2 the ranges used for calibration are presented. The time shift parameter
offers the possibility to shift the input signal and thus to identify discrepancies
between travel times calculated with the groundwater model and travel times that
follow from concentration time series of nitrate and sulphate.
Table 2 Parameter ranges used for calibration of guiding parameters nitrate and
sulphate
Expected
Parameter
Minimum Maximum
value
Atmospheric deposition nitrogen (-)
0.4
0.2
0.8
Fertiliser (-)

1

0.8

1.1

Manure deposition historic (-)

0.8

0.6

1.1

Manure deposition recent (-)

1

0.8

1.2

Harvest removal historic (-)

0.7

0.5

1.1

Harvest removal recent (-)

0.8

0.7

1.1

Denitrification by organic matter (-)

0.6

0.3

1

Atmospheric deposition sulphur historic (-)

0.2

0.1

0.7

Atmospheric deposition sulphur recent (-)
Residence time in anoxic environment for
nitrate conversion (years)
Reduction of nitrate by pyrite (-)

0.5

0.4

1

4

2

10

0.5

0

1

0.8

0.7

1

0.5

0.1

2.5

0

-20

20

Ratio manure cows – pigs (-)
Threshold organic matter for denitrification (%
org. matter)
Time shift input (years)
3.3

Validation of raw water pesticide concentrations

The outputs of simulations with PEARL were used as input to RESPOND.
Calibration of both emission loads and chemical processes is applied whenever
observations of pesticide concentrations in pumped groundwater were available. If
no data were available, expected (default) parameter values were applied.
Calibration ranges are presented in Table 3. Model parameters A and B relate to
the input signal, (i.e. PEARL output signal). The other parameters relate to sorption
and 1st order decay in various redox environments.
Table 3 Parameter ranges used for calibration of pesticide transport in the
saturated zone.
Parameter
Expected value Minimum
Maximum
A input signal historic (-)

1

0.1

2

B input signal recent (-)

1

0.1

2

Factor logKoc (-)

1

0

2

Factor DT50 oxic (-)

1

0

2

Factor DT 50 suboxic (-)

1

0

2

Factor DT50 anoxic (-)

1

0

2

Factor DT50 deep anoxic (-)

1

0

2

C. Vink et al. / Distributed modelling of the fate of pesticides in groundwater

The procedure to was validated by comparing simulated pesticide concentrations
with observations from the measuring campaign in 2011 that was part of the same
project. 800 samples of pumped groundwater were analysed. 60 of these 800 were
compared with calculated concentrations. The other observations have not been
used because these pesticides had not been simulated. A synthesis of the results is
presented in Table 4. A small part of simulated concentrations per pumping well
was calibrated on observations from before 2011. However, the main part of the
simulated concentrations was not calibrated since no data were available. The data
from the 2011 dataset were exclusively used for validation, not for calibration.
Table 4 Comparison of simulation results with observations in raw water.
Correct Correct
False
False
Correct negative:
positive negative
positive negative
> 0 and
< detection limit
Amount (-)
4
54
0
2
4
Relative (%)

4

67

100

0

4

7

CONCLUSIONS AND RECOMMENDATIONS

Validation of PEARL results concerning pesticide transport in the unsaturated zone
was not really possible due to the lack of soil moisture analyses and the poorly
known pesticide application history at field scale. Prediction of concentrations in
pumped groundwater could achieve better results because field scale variability is
cancelled out at this level (law of large numbers) and also because availability of
observations for calibration and validation is much better. Modelling diffuse
chemical parameters such as nitrate and sulphate was useful for validation of
groundwater modelling results with respect to travel times and origin of flow paths.
Pesticides were found in 10% of chemical analyses that were used for validating
RESPOND results. 97% of these observations match with model results expressed
as correct positive or correct negative. On the other hand, a third (2 observations)
of positive analyses were not correctly predicted. Absolute concentrations are still
harder to predict reliably, presumably due to the variability of emissions and
processes over time. In general, results of the modelling study with
PEARL/RESPOND correspond reasonably well with observations. However, in
spite of these results it is found that prediction of concentrations of pesticides in
pumped groundwater is less reliable than diffuse parameters like nitrate and
sulphate because modelling concentrations of pesticides involves variables with
larger variability over time and more variables involved in the processes.
Application of checks and balances as described in this article are essential to
achieve results of which the reliability is assessed to a maximum extend.
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